Abstract -This paper deals with a design method of LCL filter for grid-connected three-phase PWM voltage source inverters (VSI). By analyzing the total harmonic distortion of the current (THD i ) in the inverter-side inductor and the ripple attenuation factor of the current (RAF) injected to the grid through the LCL network, the parameter of LCL can be clearly designed. The described LCL filter design method is verified by showing a good agreement between the target current THD and the actual one through simulation and experiment.
I. INTRODUCTION
Distributed power generation systems are normally connected to the grid through the grid-connected power conditioning system(PCS) that injects grid current. Since the power quality of the grid interface is influenced by the quality of the injection current, the current quality is generally regulated by IEEE Std. 519 and IEEE Std. 1547. The total harmonic distortion injected to the grid is usually used to evaluate the performance of the grid-connected PCS and defined as (1) [1] . Typically, L filter is used between the inverter and the grid to reduce the current harmonics. However, for applications above several kilowatts, it becomes quite expensive to realize larger size of filter. Moreover, the system dynamics may be poorer. In contrast, an alternative LCL filter acting like the third order low-pass filter is attractive solution to this problem. The LCL filter can provide better harmonic attenuation and smaller filter size, compared to L filter [2] - [6] . The design of LCL filter parameters is complex and needs to consider many constraint, such as current ripple, filter size, switching ripple attenuation and reactive power absorbed by the filter capacitor, etc. Improper design of LCL filter could lead to an unstable system.
In the recent, the papers about designing LCL filter have been published by some researchers. However, the design procedure of the LCL filter is complex and dependent on the way by the experience and trial-and-error method, which are inconvenient and time-consuming. Also the theoretical background of setting the initial values of the inductance is uncertain at the starting point of the design procedure.
This paper describes a design method of LCL filter for grid-connected three-phase PWM VSI. First, by analyzing the ripple component of phase voltages and currents according to the PWM pattern of grid-connected Threephase VSI, the RMS value of the current ripple can be calculated. Then based on the analysis, the current THD in the inverter-side can be defined. After that by analyzing the dependency between the current THD of the grid and the current ripple attenuation, the parameter of LCL filter can be designed. Finally, the described LCL filter design method is verified by showing a good agreement between the target current THD and the actual one through simulation and experiment.
II.CONSIDERATION OF LCL FILTER DESIGN

A. Modeling of LCL Filter
A very typical grid-connected three-phase PWM VSI topology is illustrated in Fig. 1 . The transfer function between the phase voltage of the inverter and grid current (2) can be obtained as the 3 rd order low-pass filter consisting of inverter-side inductor, filter capacitor and grid-side inductor. In Fig. 2 , another transfer function (3) can be defined as the current ratio between the grid current and the inverter current [6] .
B. Total Harmonic Distortion of Grid Current, THD g
The harmonic model of an LCL filter can be obtained as shown in Fig. 3 . Note that the grid voltage appears as short circuit in the harmonic model due to assuming pure sinusoidal grid voltage at the fundamental frequency.
The output ripple current of an inverter determines the size of ripple due to the effect of inductor of inverter-side. And according to the size of this ripple, the value of THD i can be calculated. Also, the ripple current is decreased by the low-pass filter which consists of filter capacitor and grid-side inductor. Thus the ripple attenuation factor (RAF) can be defined as the ratio of the rms value of the harmonic current injected to the grid to that of the harmonic current of the inverter. The total harmonic distortion of the current injected to the grid can be expressed as (4). 
The fundamental component of inverter output current hardly ever decreases after passing the filter. So ripple attenuation factor (RAF) of fundamental component of the current is almost equal to 1. And, to calculate RAF of harmonic component (RAFh), each RAF which is a multiple of switching frequency has to be added. But, because RAF of switching frequency (RAFsw) is the most dominant, RAFh can be obtained by multiplying variable k by RAFsw as shown in (5) . The THD of the current injected to the grid is approximately related to the THD i and RAFsw.
( )
C.Analysis of Ripple Current Fig. 4 shows output phase voltage and ripple current waveforms of three-phase PWM VSI. When the switching frequency f sw is much higher than the grid frequency f 1 , the time average value of the inverter phase output voltage v an can be regard as constant during the switching period T. Fig. 5 shows the sketch of a single carrier switching period of mode 1 and 2. For each of the modes 1 and 2, the current ripple through filter inductor, L, is defined by (6)-(13), 
, where e a , e b , e c are the grid phase voltage, V dc is the dclink voltage. Substituting t=t 1 +t 2 +t 3 +t 4 = T/2 into (9) and (13) gives that the current ripple at time T/2 is equaled to zero. The time interval of each mode can be defined by (14) and (15),
MODE1;
( ) 
The average rms harmonic current can now be determined by integrating (16) and (17) over the positive quarter cycle of the inverter phase output voltage, i.e., over the interval 0< t< /2. Only the positive quarter cycle needs to be considered, since it is clear from Fig. 4 that the current ripple during the another positive quarter cycle and the negative half cycle are the mirror image of the positive quarter cycle, and hence will have the same rms harmonic contribution. Thus the rms value of the ripple current over a period of the grid frequency can be calculated as (18). 
D.Filter Capacitance
The filter capacitance is designed on the basis of the reactive power supplied to the capacitor at fundamental frequency. Generally, the reactive power absorbed by the filter capacitor should be less than 5% of the rated power of VSI to avoid excess power factor decrease.
, where x is less than 5%, C base is base capacitance.
E. Current Ripple Attenuation, RAF
RAFh is defined as the ratio of grid current to inverter output current, as shown in (20) [7] .
Ripple attenuation factor of the current at the switching frequency is now written in (21). As we can see in (21) the RAFsw decreases as the switching frequency increases or the filter inductance or capacitance increases.
, where sw is 2 f sw , f sw is the switching frequency, L g is grid-side inductance.
III. LCL FILTER DEISGN
The base impedance of the system must be known before choosing the LCL filter parameters. The base values of the impedance, inductance, and capacitance are defined as (22)~(24)
The inductance of inverter-side inductor is obtained by setting THD i within 10%~30% considering fundamental and switching frequency. If THD i of inverter-side inductor is set below 10% at first, then the inductance of inverter-side inductor is increased, thus the resonant frequency decreases, it comes near to the bandwidth of the controller. On the contrary, if the inductance of inverter-side inductor is increased more than 30%, then the resonance frequency is increased, it comes near to the bandwidth of switching frequency. Due to this, the resonance can be occurred in the switching frequency bandwidth. Therefore, proper value between 10% and 30% should be set for the resonance frequency to be a value between the bandwidth of the controller and switching frequency. The equation of inverter current can be rearranged in the form of the inductance of inverter-side inductor, as shown in (25). Filter capacitance must be set properly by setting x less than 5% of base capacitance [7] .
The (21) can be rewritten as (27) to extract the grid-side inductance. After setting proper RAFsw, calculate the gridside inductance. 
Make sure the total inductance of inductor which is sum of the inductance of inverter-side inductor and grid-side inductor is less than 10% of the base value of the inductance. If it is more than 10 %, repeat the above procedure by resetting THD i or RAFsw.
When all parameters of LCL filter are set, calculate the resonance frequency by using (28). Generally, the resonance frequency should exist between 10 times of control bandwidth and half of switching frequency considering dynamic characteristic of the system. If the resonance frequency does not meet this condition, repeat the whole procedure by resetting
After setting all the parameters of the LCL filter, the total harmonic distortion can be calculated by simulating the system. Variable k is used to indicate the dependency of THD i , THD g , and RAFsw. Fig. 7 shows the block diagram of three-phase inverters. A step by step procedure to obtain some values for the parameter of the LCL filter considering 10kVA system is done. The experimental test has been carried out on system which have parameters are written on the following text and reported in Table1. In this case, the renewable source is simulated by controllable AC power source. The rated RMS line-to-line voltage is 220[V], the switching frequency of the inverter is 10[kHz], the dc-link voltage is 400 [V] and the amplitude modulation index is 0.9.
IV. EXPERIMENT RESULTS
In Fig. 9 a picture of the three-phase inverter system is shown. This paper has described a design method of LCL filter for grid-connected three-phase PWM VSI. First, by analyzing the ripple component of phase voltages and currents according to the PWM pattern of grid-connected three-phase VSI, the rms value of the ripple current is calculated. Then based on the analysis, the current THD of inverter-side is defined. After analyzing the dependency between the current THD of system and the current ripple attenuation, the parameter of LCL filter is determined. Finally, the described LCL filter design method is verified by showing a good agreement between the target current THD and the actual one through simulation and experiment.
